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PARKING ORBITS ALINED USING PLANETARY OBLATENESS 

FOR DIRECT MARS MISSIONS BETWEEN 1975 AND 1988 

By Joseph R .  Thibodeau I11 and Gregory A .  Zambo 

SUMMARY 

A s tudy w a s  made of t h e  f e a s i b i l i t y  of us,,ig t h e  obla teness  of the  
p lane tary  g r a v i t a t i o n a l  f i e l d  t o  a l i n e  t h e  parking o r b i t  during d i r e c t ,  
round-tr ip  cap tu re  missions t o  Mars between 1975 and 1988. 
technique was used t o  de f ine  the  p o s s i b l e  conf igura t ions  of e l l i p t i c a l  
parking o r b i t s  which s h i f t  i n t o  alinement f o r  depar ture  and r e q u i r e  
no d i s c r e t e  propuls ive  maneuvers. 
minimum t o t a l  AV members of both t h e  conjunct ion and t h e  oppos i t ion  
c l a s s e s  of Mars missions.  

An a n a l y t i c a l  

Parking o r b i t s  were found f o r  t h e  

Resul t s  i n d i c a t e  t h a t  moderate t o  h ighly  e l l i p t i c  parking o r b i t s  
( e c c e n t r i c i t y  from 0 .4  t o  0.8) can be used at Mars f o r  bo th  c l a s s e s  
of missions,  and both t h e  planetary a r r i v a l  and depar ture  maneuvers w i l l  
occur at p e r i a p s i s .  
which a r e  widely d i s t r i b u t e d  over t h e  range from Oo t o  180~. 
highes t  e c c e n t r i c i t y  o r b i t s  have low i n c l i n a t i o n s  and may be e i t h e r  
posigrade o r  r e t rog rade  wi th  respec t  t o  t h e  p lane tary  a x i s  of r o t a t i o n .  

The i n c l i n a t i o n s  commonly occur i n  narrow bands 
The 
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INTRODUCTION 

Comtemplating t h e  p o s s i b i l i t y  of manned expedi t ions t o  t h e  near 
p l a n e t s ,  one o f t e n  considers  t h e  problem: 
i s  bes t  su i t ed  f o r  a manned o r b i t a l  mission? A moment's r e f l e c t i o n  
reveals t h i s  quest ion i s  nea r ly  impossi'ble t o  answer. Ult imately,  t h e  
design of  t h e  parking o r b i t  must depend on l i m i t a t i o n s  imposed by t h e  
hardware, t h e  mission o b j e c t i v e s ,  and t h e  physical  l a w s  of na tu re ,  and, 
l i k e  t h e  mission i t s e l f ,  can only be determined by i n t e n s i v e  study of 
many design elements . 

What kind of parking o r b i t  

Some i n s i g h t  i n t o  t h e  problem can be gained by studying t h e  behavior 
of t h e  parking o r b i t  and t h e  r e s u l t a n t  ope ra t iona l  requirements imposed 
by va r ious  conf igu ra t ions  of t h e  parking o r b i t .  This  paper t a k e s  a much 
narrower view of t h i s  problem by studying t h e  behavior of parking 
o r b i t s  constrained t o  t h e  motion which r e s u l t s  from t h e  oblateness  of 
t h e  p l a n e t ' s  g r a v i t a t i o n a l  f i e l d .  
t o  loose ly  as t h e  e l l i p t i c a l  r eg res s ing  parking o r b i t .  

no d i s c r e t e  propuls ive maneuvers f o r  o r b i t a l  alinement.  
are he re  defined t o  be e i t h e r  d i s c r e t e  o r  combined with t h e  p l ane ta ry  
cap tu re  and escape maneuvers. 

These parking o r b i t s  can be referred 
They r e q u i r e  

a These maneuvers 

Of course, t h e  idea of using p l ane ta ry  ob la t eness  f o r  parking o r b i t  
alinement i s  not new. There are va r ious  a l l u s i o n s  t o  it i n  t h e  l i t e r a t u r e .  
The remarks  a r e  o f t e n  connected with o t h e r  cons ide ra t ions  i n  t r a j e c t o r y  
des ign ,  A d i scuss ion  of t h e  technique of using ob la t eness  f o r  o r b i t  
alinement i s  presented i n  r e fe rences  1, 2 ,  3, and 4.. 

The authors f e e l  t h e s e  o r b i t s ,  as a group, e x h i b i t  many i n t e r e s t i n g  
p r o p e r t i e s  which make them worthy of s tudy on t h e i r  own merits; t h e r e f o r e ,  
a d e t a i l e d  study of t h e i r  behavior and c h a r a c t e r i s t i c s  w a s  undertaken. 
This r epor t  documents t h e  r e s u l t s  of t h i s  s tudy.  

The main c o n t r i b u t i o n  of t h e  paper i s  t o  i n d i c a t e  t h e  f e a s i b i l i t y  
of  using oblateness f o r  parking o r b i t  a l inement ,  t h e  imp l i ca t ions  of t h i s  
technique,  i t s  l i m i t a t i o n s ,  and i t s  f l e x i b i l i t y  f o r  a p p l i c a t i o n  during 
preliminary a n a l y s i s  of o r b i t a l  missions t o  Mars. 

Basical ly ,  t h e  use of p l ane ta ry  ob la t eness  f o r  o r b i t a l  alinement 
implies  t he  s e l e c t i o n  of t h e  o r b i t a l  elements of t h e  parking o r b i t  so  
t h a t  t h e  r e s u l t i n g  nodal and a p s i d a l  motion w i l l  s h i f t  t h e  o r b i t  i n t o  

. 

a Except perhaps t h o s e  r equ i r ed  t o  c o r r e c t  guidance and n a v i g a t i o n a l  
u n c e r t a i n t i e s .  
t h e  course of any o p e r a t i o n a l  t r a j e c t o r y  and are beyond t h e  scope of 
t h i s  paper.)  

(Consideration of t h e s e  problems would be r equ i r ed  du r ing  
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proper alinement for depar ture  on t h e  intended date. Esnploying t h i s  
type  of o r b i t  al lows t h e  use of coplanar p e r i a p s i s  impulses f o r  both t h e  
o r b i t a l  cap ture  and escape maneuvers. I n  many cases ,  although not 
always, AV c o s t s  may be reduced because h ighly  e l l i p t i c  o r b i t s  can be 
used a t  t h e  t a r g e t  p lane t  and because t h e  o r b i t a l  cap ture  and escape 
maneuvers a r e  coplanar ,  thereby  reducing or e l imina t ing  t h e  need of plane 
changes and f l i g h t - p a t h  angle  cor rec t ions .  This  type  of o r b i t  r ep resen t s  
an exce l l en t  po in t  of depar ture  f o r  f u r t h e r  s tudy of parking o r b i t s  
which may r e q u i r e  a combination of pe r tu rba t ions  and co r rec t ive  
propuls ive maneuvers f o r  o r b i t a l  alinement t o  achieve both t h e  lowest 
poss ib l e  t o t a l  mission AV and the b e s t  t rade-off  between o the r  mission 
design c r i t e r i a .  

I n  order  t o  e s t a b l i s h  norms f o r  t h e  behavior of t h e  parking o r b i t ,  
t h e  o r b i t a l  missions t o  Mars were examined f o r  each Earth o r b i t a l  
launch opportuni ty  from 1975 t o  1988. The primary emphasis was t o  f i n d  
out  how many d i f f e r e n t  e l l i p t i c a l  o r b i t s  a r e  a v a i l a b l e  and what a r e  t h e  
c h a r a c t e r i s t i c s  of t h e  ones t h a t  exh ib i t  t h e  h ighes t  e c c e n t r i c i t i e s .  
Also of i n t e r e s t  was t h e  e f f e c t  of t h e  Ear th  o r b i t a l  launch window and 
r e s u l t a n t  v a r i a t i o n s  of t h e  geometry of p lane tary  approach and depar ture .  
The emphasis of t h i s  inves t iga t ion  w a s  t o  f i n d  out i f  t h e  parking o r b i t s  
e x h i b i t  smooth v a r i a t i o n s  i n  c h a r a c t e r i s t i c s  and i f  they  a r e  a v a i l a b l e  
over a wide range of both t h e  stay-time and t h e  geometry of approach 
and depar ture .  

I f  t h i s  approach allows the  use  of h ighly  eccen t r i c  o r b i t s  without 
t h e  need of a u x i l i a r y  propulsive maneuvers, t h i s  f a c t  can have a 
fundamental impact on t h e  d e s i g n  of o r b i t a l  missions f o r  which s m a l l  
excursion veh ic l e s  can be used for c l o s e  o r b i t a l  reconnaissance or 
l anding  on t h e  sur face  of t h e  p lane t .  

The command spacecraf t  of an in t e rp l ane ta ry  expedi t ion i s  l a r g e  and 
must t h e r e f o r e  be considered as a space s t a t i o n  or platform which serves  
as a base from which small excursion veh ic l e s  a r e  used t o  complete 
mission ob jec t ives .  There i s  a d e f i n i t e  p o s s i b i l i t y  t h a t  t h e  command 
spacecraf t  could be placed i n  an e l l i p t i c a l  parking o r b i t  of t h e  type  
inves t iga t ed  i n  t h i s  r e p o r t .  A s m a l l  excursion veh ic l e  could then  be 
separated from t h e  command spacecraf t ,  e s t a b l i s h  a d i f f e r e n t  o r b i t  
cons i s t en t  wi th  t h e  mission objec t ives  and crew s a f e t y ,  and r e t u r n  t o  t h e  
command spacec ra f t .  . 

This i s  t h e  main reason why t h i s  s tudy w a s  undertaken. O f  course,  
much work i s  needed t o  determine t h e  f e a s i b i l i t y  of t h i s  approach. 

Design of t h e  parking o rb i t  i s ,  of course,  meaningful only i n  t h e  
context  of complete mission profiles. 
before t h e  parking o r b i t  can be s tudied .  For t h i s  study, t h e  d i r e c t ,  
round-tr ip  M a r s  capture  m i s s i o n s  were inves t iga t ed  and t h e  minimum AV 

The iiiissions  st b e  def ined  
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t r a j e c t o r i e s  a s soc ia t ed  with both opposi t ion and conjunction c l a s s e s  
of Mars missions were s e l e c t e d .  These two c l a s s e s  of missions are 
probably i n d i c a t i v e  of both t h e  b e s t  and t h e  worst poss ib l e  cases  
where oblateness could conceivably be  used f o r  o r b i t a l  alinement , mostly 
because the opposi t ion c l a s s  missions have very s h o r t  stay-times,  from 
1 0  t o  40 days, and because t h e  conjunction c l a s s  missions have ve ry  
long stay-times, from 300 t o  500 days.  
t o  la ter  a s  simply t h e  ''long'' or "short" missions.  The long missions 
a r e  sometimes c a l l e d  minimum AV because t h e  h e l i o c e n t r i c  t r a j e c t o r i e s  
are t h e  two-impulse, abso lu t e  m i n i m u m  AV, or near-Hohmann t r a n s f e r s .  
The shor t  missions exh ib i t  only l o c a l  minimums i n  t o t a l  mission AV 
when c e r t a i n  of t h e  t r a j e c t o r y  parameters a r e  constrained ( i . e .  , t h e  
f l i g h t  times o r  e a r t h  e n t r y  v e l o c i t y ) .  

(These missions are r e f e r r e d  

The h e l i o c e n t r i c  t r a j e c t o r i e s ,  launch d a t e s ,  and t r i p  times were 
s e l e c t e d  t o  y i e l d  missions with t h e  lowest poss ib l e  t o t a l  mission AV 
requirements. The process of mission s e l e c t i o n  w a s  done automatical ly  
by a mission scanning program developed by Mr. E.  W .  Henry of t h e  
Advanced Mission Design Branch. 
for t h e  da t a  supplied by t h i s  program. 

The authors  wish t o  thank M r .  Henry 
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ANALYSIS 

t 

Orbital missions t o  Mars were examined f o r  each Earth o r b i t a l  
launch opportuni ty  from 1975 t o  1988. 
w a s  performed i n  two s t e p s .  The f irst  s t e p  w a s  simply t o  f i n d  t h e  
missions and d e f i n e  t h e  c h a r a c t e r i s t i c s  of t h e  h e l i o c e n t r i c  tra- 
j e c t o r i e s ,  t h e  launch d a t e s ,  and t h e  f l i g h t  times. 
and conjunction c l a s s e s  of missions were found. This phase o f t h e  
a n a l y s i s  w a s  g r e a t l y  f a c i l i t a t e d  by an automatic mission scanning 
program which produced t h e  launch d a t e s  and f l i gh t ,  times f G r  t h e s e  
rliissions. 
launch da te s  and f l i g h t  t i m e s  f o r  t h e s e  missions based on t h e  s e l e c t i o n  
c r i t e r i o n  of minimum t o t a l  mission AV. 
s e l e c t e d  are i l l u s t r a t e d  i n  f igu res  1 and 2.  
mission c o n s i s t s  of two near-Hohmann t r a n s f e r s  separated by a n  appro- 
p r i a t e  o r b i t a l  s t a y  of from 300 t o  500 days.  
missions a r e  t h e  so c a l l e d  "short-long" missions f o r  which t h e  out- 
bound l e g  subtends a h e l i o c e n t r i c  t r a n s f e r  angle  less  than 1.80~~ and 
t h e  r e t u r n  l e g  swings i n s i d e  the o r b i t  of  Venus and subtends an angle  
of  about 300'. 

The a n a l y s i s  of t h e s e  missions 

Both t h e  opposi t ion 

Thjs progrem, documented i n  reference 4, produced optimum 

The two types of missions 
The conjunction c l a s s  

The opposi t ion c l a s s  

The second s t e p  w a s  simply t o  f i n d  t h e  parking o r b i t s  which f i t  
t h e s e  missions.  This s t e p  was accomplished by using t h e  conic i n t e r -  
p l ane ta ry  mission planning program documented i n  r e fe rence  5. This 
program w a s  modified by t h e  authors t o  compute matched-conic s o l u t i o n s  
t o  t h e  p o s s i b l e  configurat ions o f  an e l l i p t i c a l  r eg res s ing  parking 

'' o r b i t  a t  Mars. The fundamental ground r u l e  f o r  t h i s  p a r t  of t h e  
a n a l y s i s  w a s  t o  f i n d  parking orbi ts  which r e q u i r e  no d i s c r e t e  propuls ive 
maneuvers f o r  o r b i t a l  alinement. A complete d i scuss ion  of t h e  method 
of c a l c u l a t i o n  of t h e s e  o r b i t s  and t h e  matching process i s  presented i n  
r e fe rences  3, 7 ,  and 8.  

The e f f e c t  of t h e  Earth o r b i t a l  launch window, o r  mission window, 
and t h e  r e s u l t a n t  v a r i a t i o n s  of t h e  geometry of  p l ane ta ry  approach and 
depa r tu re  were a l s o  of i n t e r e s t .  The primary i n t e r e s t  w a s  t o  see i f  
t h e  s o l u t i o n s  would be uniform and p r e d i c t a b l e  d e s p i t e  changes i n  t h e  
approach and departure  asymptotes. 

Y 

Matched-conic s o l u t i o n s  for  t h e  minimum energy missions were 
c a l c u l a t e d  a t  10-day increments through 50-day launch windows a t  Earth.  
The outbound and r e t u r n  f l i g h t  t i m e s  and t h e  o r b i t a l  s t a y  t ime at Mars 

window a t  Mars w a s  produced. 
aga ins t  providing a r e t u r n  window at  Mars; t h e r e f o r e ,  both a 50-day and 
a zero-day t r a n s e a r t h  or r e tu rn  launch window from Mars o r b i t  are shown. 
The 50-day r e t u r n  window is  shown by t h e  s o l i d  l i n e s  of  f i g u r e  3 and 
t h e  zero-day r e t u r n  window i s  ind ica t ed  by t h e  dashed l i n e s .  

were held constznt ; tk?us , a y!-(?zy trsnseErth-icJectisn (Ea r th - r c twn)  
There are va r ious  arguments f o r  and 

Note t h a t  



t h e  Earth entry v e l o c i t y  f o r  t h e  zero-day r e t u r n  window i s  cons t an t .  
In  t h e  case of t h e  zero-day r e t u r n  window, t h e  o r b i t a l  s t a y  t i m e  i s  
ad jus t ed  s o  t h a t  t h e  launch from t h e  M a r s  parking o r b i t  always occurs 
at t h e  same t ime ,  and t h e  r e t u r n  l e g  of t h e  mission i s ,  of course,  
always t h e  same. Providing a 50-day Earth-return window a t  Mars re- 
q u i r e s  1500 f p s  of a d d i t i o n a l  AV. 

Matched-conic s o l u t i o n s  f o r  t h e  short-stay-time missions were 
c a l c u l a t e d  a t  10-day increments through 40-day launch windows at Earth.  
The outbound and r e t u r n  f l i g h t  times and t h e  o r b i t a l  s t a y  t i m e  (30 days)  
at Mars were he ld  cons t an t .  By holding t h e  f l i g h t  times cons t an t ,  a 
40-day Earth-return window a t  Mars was e f f e c t i v e l y  produced. 
sho r t  missions t h e r e  i s  no b e s t  t i m e  t o  l eave  Mars f o r  a r e t u r n  t o  
Earth.  The b e s t  t i m e  t o  l eave  Mars i s  as soon as p o s s i b l e  a f te r  a r r i v a l  
t h e r e .  I n  other  words, t h e  v e l o c i t y  requirements f o r  Mars departure  and 
t h e  Earth entry v e l o c i t y  a r e  r a p i d l y  inc reas ing  with s t a y  t ime,  and t h e  
longer one remains i n  parking o r b i t ,  t h e  more it c o s t s  t o  r e t u r n  home. 
The b e s t  s tay i s  t h e r e f o r e  zero days. For t h i s  s tudy t h e n ,  30 days w a s  
somewhat a r b i t r a r i l y  chosen because t h i s  i s  t h e  minimum o r b i t a l  s t a y  
t i m e  which p e r m i t s  studying oblateness  e f f e c t s  and t h e  f e a s i b i l i t y  of 
using regressing parking o r b i t s  during shor t  o r b i t a l  missions t o  Mars. 

For t h e s e  

Scanning Mars O r b i t a l  Missions Between 1975 and 1988 

The r e s u l t s  of t h e  mission scan a r e  presented i n  f i g u r e s  4 and 5 .  
These f igu res  show t h e  v a r i a t i o n  i n  mission v e l o c i t y  requirements from 
window t o  window and thereby f a c i l i t a t e  d i r e c t  comparison between both 
ind iv idua l  mission windows and both c l a s s e s  of missions.  Although not 
shown i n  f igu re  5 ,  t h e r e  a r e  nea r ly  100 days during t h e  1981, 1983, 
and 1984 short  missions f o r  which t h e  v e l o c i t y  requirements a r e  nea r ly  
minimum. The AV requirements f o r  t h e s e  wide mission windows are shown 
i n  more d e t a i l  i n  f igu re  6 ( a )  and ( b ) .  The least  t o t a l  mission AV 
requirements f o r  t h e  long missions occur f o r  t h e  launch oppor tun i t i e s  i n  
1977 and 1979. For t h e  short-stay-time mission t h e  least  t o t a l  mission 
AV requirements occur during t h e  1983-84 and 1986 launch o p p o r t u n i t i e s .  
The launch da te s  and t r i p  t imes f o r  t h e s e  missions a r e  summarized i n  
t a b l e s  I and I1 and f i g u r e s  7 and 8. 

. 

The AV requirements shown i n  f igu res  3 ,  4 ,  5 ,  and 6 are based on 
a s impl i f i ed  mission p r o f i l e .  E a r t h - o r b i t a l  launch begins  from a c i r c u l a r  
parking o rb i t  a t  an a l t i t u d e  of 262 n. m i .  The parking o r b i t  i s  coplanar 
with t h e  Earth departure  hyperbola. 
and t r a n s e a r t h  i n j e c t i o n  ( T E I )  impulsive v e l o c i t i e s  a r e ,  of course,  
dependent on t h e  type of parking o r b i t  which i s  used a t  Mars. 

The Mars-orbital  i n s e r t i o n  ( M O I )  

The MOI 



7 

' .  

and TEI  impulsive v e l o c i t i e s  a r e  shown f o r  t h e  h i g h e s t  energy r eg res s ing  
parking o r b i t ,  which s h i f t s  i n t o  alinement f o r  depa r tu re  and which i s  
continuously a v a i l a b l e  throughout t h e  Ea r th  o r b i t a l  launch window. 
(The o r b i t a l  elements of t h e s e  orbits are i l l u s t r a t e d  l a t e r  i n  f i g u r e s  10 
and 1 2 . )  
400 000 ft and a vacuum pe r i aps i s  of 20 n. m i .  

The Ea r th  e n t r y  ve loc i ty  i s  shown f o r  an e n t r y  a l t i t u d e  of  

The m i n i m u m  AV missions.- Certain important c o n s t r a i n t s  were 
ignored during t h e  search f o r  the minimum AV missions.  A s  s t a t e d  
ear l ier ,  m i n i m u m  t o t a l  mission AV w a s  t h e  only c o n s t r a i n t  used f o r  
mission s e l e c t i o n .  The most important c o n s t r a i n t  and t h e  one most rele- 
vant t o  t h i s  r e p o r t  i s  t h e  pe r ihe l ion  d i s t ance .  I n  t h e  case of  t h e  
opposi t ion c l a s s  missions,  t h i s  c o n s t r a i n t  i s  important because t h e  
spacec ra f t  passes  through t h e  per ihel ion of t h e  r e t u r n  t r a j e c t o r y  as 
shown i n  f i g u r e  2.  
t o  t h e  sun. 

I n  t h e s e  cases,  p e r i h e l i o n  i s  uncomfortably c l o s e  

To change t h e  p e r i h e l i o n  dis tance ( a t  l eas t  f o r  t h e  case when t h e  
r e t u r n  t r a j e c t o r y  i s  s i n g l e  impulse) would inc rease  an already high 
AV requirement. A s  shown i n  f igu re  9 ,  t h e  p e r i h e l i o n  r a d i u s  i s  
inc reas ing  with each launch opportunity,  and i n  t h e  middle and la te  
1980's  not only have t h e  ve loc i ty  requirements reached t h e i r  minimum 
va lue ,  but a l s o  t h e  pe r ihe l ion  d i s t a n c e  of t h e  r e t u r n  t r a j e c t o r y  has 
reached a more reasonable value,  and i n  1986 t h e  spacec ra f t  would pass 
j u s t  i n s i d e  t h e  o r b i t a l  path of Venus during t h e  r e t u r n  t r i p .  

How Oblateness Affects t h e  Parking Orbit Se lec t ion  

Only secu la r  r o t a t i o n  of t h e  o r b i t a l  plane and major a x i s  due t o  
p l ane ta ry  oblateness  i s  considered. O r b i t a l  realinement i s  produced 
by r o t a t i o n  of t h e  o r b i t a l  l i n e  of nodes and t h e  l i n e  of aps ides ,  and 
t h e s e  r o t a t i o n s  a r e  p r imar i ly  t h e  r e s u l t  of p l ane ta ry  ob la t eness .  The 
r a t e  of  s ecu la r  v a r i a t i o n  of the node and t h e  p e r i a p s i s  vector  i s  
given by 

-3nJ,]Ii2 

- 2a2(1 - e2)2 
'. 

Qc. = cos i 

and 



a 

where 

a 

e 

i 

n 

J2 

i 
R 

s 

w 
s 

s emima j o r  a x i  s 

orb it a1 e c c e n t r i c i t y  

i n c l i n a t i o n  with r e spec t  t o  t h e  p l ane ta ry  e q u a t o r i a l  
plane 

mean motion of t h e  parking o r b i t  

oblateness  c o e f f i c i e n t  (assumed value f o r  Mars = 0 -oo2011)a 

p l ane ta ry  e q u a t o r i a l  r a d i u s  

nodal r eg res s ion  ra te  

p e r i a p s i s  precession ra te  

The term involving e c c e n t r i c i t y  d iv ides  out when t h e  r a t i o  of t h e  

ra tes  (i /A ) i s  formed. This term merely s c a l e s  o r  s i z e s  t h e  r a t e s ,  

and t h e  r a t i o  of t h e  r a t e s  i s  determined by t h e  o r b i t a l  i n c l i n a t i o n .  
The important observat ion i s  t h a t  t h e  e c c e n t r i c i t y  can be ad jus t ed  
independently t o  change t h e  rates while conserving a p a r t i c u l a r  value 
of t h e  r a t i o .  The a b i l i t y  t o  change t h e  e c c e n t r i c i t y  of t h e  parking 
o r b i t  i s  of  g r e a t  value when it i s  necessary t o  f o r c e  t h e  parking 
o r b i t  t o  s h i f t  i n t o  alinement during a r b i t r a r i l y  s h o r t  o r  long o r b i t a l  
s t a y  t imes.  

s s  

There i s  a d e f i n i t e  connection between t h e  c h a r a c t e r i s t i c s  of 
t h e  parking o r b i t  and t h e  geometry of p l ane ta ry  approach and depa r tu re .  
The o r b i t a l  i n c l i n a t i o n  i s  determined by both t h i s  geometry and t h e  
r a t i o  of the required angles  of r o t a t i o n  of t h e  o r b i t a l  node and 
p e r i a p s i s  v e c t o r s ,  Aa and Aw . The o r b i t a l  i n c l i n a t i o n  i s  determined 

so t h a t  the r a t i o  of t h e  o r b i t a l  r o t a t i o n  r a t e s ,  ;,/As, i s  equal  t o  

t h e  r a t i o  of t h e  required angles  of r o t a t i o n ,  A u n / A w  . The important 

e f f e c t  i s  t h a t  o r b i t a l  i n c l i n a t i o n  w i l l  be  f r equen t ly  r e s t r i c t e d  t o  
s e v e r a l  r e l a t i v e l y  narrow bands ac ross  t h e  r eg ion  from 0' t o  180'. 

n P 

P 

- 
Where these bands occur i s ,  of course,  dependent on 
t h e  planetary approach and depa r tu re  asymptotes. 

a The most r e c e n t l y  adopted value of J f o r  Mars 2 
0.00197 i n  r e fe rence  9 .  

t h e  geometry of 

i s  given as 
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The s t a y  t ime does not a f f e c t  t h e  i n c l i n a t i o n  of t h e  parking 
o r b i t ,  but it does a f f e c t  the o r b i t a l  e c c e n t r i c i t y .  For a given Vm 

geometry, as t h e  s t a y  t i m e  i s  shortened, acce le ra t ed  r o t a t i o n  rates 
are r equ i r ed  t o  in su re  f i n a l  alinement with t h e  departure  asymptote, 
and progressively smaller  o r b i t a l  e c c e n t r i c i t i e s  a r e  r equ i r ed  t o  o b t a i n  
t h e  f a s t e r  rates. 

, -, 

. 
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RESULTS 

All data  r e l a t i n g  t o  t h e  parking o r b i t  a t  Mars i s  measured with 
r e spec t  t o  an i n e r t i a l  p l ane tocen t r i c  coordinate  system. The p o s i t i v e  
Z-axis of  t h i s  coordinate  system p o i n t s  no r th  along t h e  p l ane ta ry  a x i s  
of r o t a t i o n .  
The pos i t i ve  X-axis i s  defined by t h e  i n t e r s e c t i o n  of t h e  p l ane ta ry  
o r b i t  and e q u a t o r i a l  planes and corresponds t o  t h e  descending node of 
t h e  planetary o r b i t  on t h e  e q u a t o r i a l  plane.  The p o s i t i v e  Y-axis i s  
90° e a s t  of X and completes a right-handed system. 
transformations between t h i s  system and appropr i a t e  geocentr ic  and he l io -  
c e n t r i c  systems a r e  a p a r t  of t h e  conic i n t e r p l a n e t a r y  mission planning 
program, and they  a r e  documented i n  reference 6 .  

The XY-plane i s  defined by t h e  p l ane ta ry  e q u a t o r i a l  plane.  

The coordinate  

Parking Orbits Available During Conjunction Class Missions 

Eight t o  t e n  parking o r b i t s  were found during each long mission 
from 1975 t o  1988. The o r b i t s  are s m a r i z e d ' i n  t a b l e  111. A l l  t h e  
o r b i t s  f o r  t h e  long missions have p e r i a p s i s  a l t i t u d e s  of 200 n.  m i .  
For t h e s e  long missions,  t h e  o r b i t s  gene ra l ly  e x h i b i t  a range of  
e c c e n t r i c i t i e s  of from 0 .3  t o  0 .9 .  The range of apoapsis a l t i t u d e s  i s  
from 2000 t o  28 000 n. m i .  It should be noted t h a t  t h e s e  o r b i t s  repre-  
s en t  a set  of t h e  highest  energy parking o r b i t s  which s h i f t  i n t o  
alinement f o r  departure .  Each o r b i t ,  t h e r e f o r e ,  passes  through t h e  
r equ i r ed  angles of r o t a t i o n  of t h e  o r b i t a l  node and t h e  p e r i a p s i s  v e c t o r  
only once. 
be forced t o  complete a f u l l  r evo lu t ion  or m u l t i p l e  r evo lu t ions  of 
e i t h e r  t h e  o r b i t a l  node or t h e  p e r i a p s i s  vec to r  p r i o r  t o  f i n a l  alinement 
with t h e  departure asymptote. 

During t h e  long stay-time missions,  t h e  parking o r b i t s  can 

The parking o r b i t s  e x h i b i t  smooth v a r i a t i o n s  and a r e  a v a i l a b l e  
over a wide range of both t h e  stay-time and t h e  geometry of p l ane ta ry  
approach and departure .  The v a r i a t i o n s  i n  t h e  Keplerian o r b i t a l  
elements ( a ,  e ,  i ,  R ,  and w )  are shown i n  f i g u r e  10 f o r  a r e p r e s e n t a t i v e  
o r b i t  which occurred during each long msssion . The o r b i t s  shown i n  
f igu re  1 0  a r e  f o r  t h e  nominal mission; and t h e  outbound f l i g h t - t i m e ,  
stay-time, and r e t u r n  f l i gh t - t ime  f o r  t h i s  mission are h e l d  constant  
and t h e  launch d a t e  from e a r t h  o r b i t  i s  v a r i e d .  (The nominal mission \ 

i s  t h e  mission a t  t h e  cen te r  of t h e  e a r t h  o r b i t a l  launch window.) By 
holding the f l i gh t - t ime  constant  and varying t h e  e a r t h  o r b i t a l  launch 
d a t e ,  changes were produced i n  t h e  V- v e c t o r s  a t  both t h e  t i m e  of  

a 

a The o r b i t a l  elements a r e  shown f o r  an epoch corresponding t o  t h e  
t i m e  of the Mars o r b i t a l  i n s e r t i o n  maneuver which occurs a t  t h e  t i m e  of 
p e r i a p s i s  passage on t h e  approach hyperbola.  
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a r r i v a l  and departure  a t  Mars. The c h a r a c t e r i s t i c s  of t h e  parking 
o r b i t s  must change t o  accommodate t h e  v a r i a t i o n s  i n  t h e  geometry of 
p lane tary  approach and depar ture .  

Figure 10 ,  t h e r e f o r e ,  showsthe  ex ten t  of t h e  changes which can 
occur f o r  t h e  parking o r b i t s  l i s t e d  i n  t a b l e  111. 

An important observat ion i s  t h a t  t h e  parking o r b i t s  seem t o  t a k e  
on c h a r a c t e r i s t i c  values  of i n c l i n a t i o n ,  and t h e s e  i n c l i n a t i o n s  a r e  
widely d i s t r i b u t e d  as shown i n  t a b l e  111. Also, t h e  i n c l i n a t i o n  v a r i e s  
smoothly and uniformly within narrow reg ions  about t h e  m e a n  o r  charac- 
t e r i s t i c  value.  

Another observat ion i s  t h a t  t h e  o r b i t a l  e c c e n t r i c i t y  i s  loose ly  
c o r r e l a t e d  w i t h  t h e  o r b i t a l  i n c l i n a t i o n .  The ex ten t  of t h i s  c o r r e l a t i o n  
i s  shown i n  f i g u r e  11. This f igu re  d isp lays  t h e  i n c l i n a t i o n s  and apoapsis 
a l t i t u d e s  of r ep resen ta t ive  o r b i t s  which were found during t h e  long missions.  
There i s  a d e f i n i t e  bucket-shaped reg ion  where o r b i t s  a r e  not found. 
Note t h a t  low i n c l i n a t i o n  o r b i t s  (bo th  posigrade and re t rograde  with 
r e spec t  t o  t h e  p l a n e t a r y - a x i s  of r o t a t i o n )  a r e  poss ib l e  but t h e  
frequency of f ind ing  them i s  l e s s  than  f o r  higher  i n c l i n a t i o n  o r b i t s .  
(Perhaps by allowing a s m a l l  d i s c r e t e  propuls ive maneuver, t h e s e  low 
i n c l i n a t i o n  o r b i t s  could be found more f requent ly .  This problem needs 
t o  be s tudied  f u r t h e r .  ) 

Parking Orbits Available During Opposition Class Missions 

The technique appears t o  be f e a s i b l e  f o r  shor t - s tay  o r b i t a l  missions 
t o  Mars. For o r b i t a l  s t a y  times as l o w  as 30 days,  from f i v e  t o  e igh t  
parking o r b i t s  can be found; these o r b i t s  a r e  summarized i n  table I V .  
A l l  t h e  o r b i t s  f o r  t h e  shor t  missions have p e r i a p s i s  a l t i t u d e s  of 
100 n. m i .  The e s s e n t i a l  c h a r a c t e r i s t i c  of t h e  parking o r b i t s  f o r  short- 
s t a y  missions i s  t h a t  t h e i r  range of e c c e n t r i c i t i e s  i s  not  q u i t e  as 
l a r g e ;  many of t h e  parking o r b i t s  a r e  near ly  c i r c u l a r .  
o r b i t s  can genera l ly  be found w i t h  o r b i t a l  e c c e n t r i c i t i e s  between 0.4 and 
0 . 7 ,  t hese  so lu t ions  begin disappearing as t h e  s t a y  t i m e  i s  shortened 
below 30 days. 
as low as 10 days. The technique does not work f o r  s t a y  times below 
10  days except i n  those  cases  where p e r i a p s i s  vec to r s  of t h e  approach and 
depar ture  asymptotes a r e  a l ready  matched by some o ther  technique,  as 
i n  t h e  case of a powered-turn flyby t r a j e c t o r y  at Mars. I n  t h e s e  
in s t ances ,  o r b i t a l  e c c e n t r i c i t i e s  as high as 0.9 can be found. 

Although parking 

Solut ions can general ly  be found f o r  o r b i t a l  s t a y  t imes 
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The v a r i a t i o n s  i n  t h e  o r b i t a l  elements ( a ,  e ,  i ,  R, and w )  are 
shown i n  f igu re  1 2  f o r  r e p r e s e n t a t i v e  o r b i t s  which occurred during t h e  
s h o r t  missions.  
nominal mission; and t h e  f l i g h t  t ime ,  s t a y  t ime,  and r e t u r n  f l i g h t  t i m e  f o r  
t h i s  mission a r e  he ld  constant .  The launch da te  from e a r t h  o r b i t  i s  va r i ed  
t o  produce changes i n  t h e  V, vec to r s  a t  both t h e  t i m e  of a r r i v a l  and 
depa r tu re  a t  Mars. The c h a r a c t e r i s t i c s  of t h e  parking o r b i t s  must, 
t h e r e f o r e ,  change t o  accommodate t h e  r e s u l t i n g  v a r i a t i o n s  i n  t h e  V, 
geometry. 

Like t h e  long mission, t h e  o r b i t s  shown are f o r  t h e  

The o r b i t s  appear t o  be more s e n s i t i v e  t o  changes i n  t h e  Vm 

geometry when t h e  s t a y  t i m e  i s  shortened. 
correspond with those  of t h e  long missions,  but t h e r e  i s  g r e a t e r  f l u c -  
t u a t i o n  of t h e  o r b i t a l  elements, and t h e  v a r i a t i o n s  are not q u i t e  as 
smooth. 
V . 
both i n  magnitude and d i r e c t i o n ,  and t h e  parking o r b i t s  must change more 
r a p i d l y  t o  accommodate t h e s e  changes. 

The i n c l i n a t i o n s  gene ra l ly  

The parking o r b i t s  may not be more s e n s i t i v e  t o  changes i n  t h e  
In  many of t h e  sho r t  missions,  t h e  Vm vec to r s  a r e  changing r a p i d l y  

W 

A s  was t h e  case i n  t h e  long missions,  t h e  o r b i t a l  e c c e n t r i c i t y  i s  
co r re l a t ed  with t h e  o r b i t a l  i n c l i n a t i o n .  The ex ten t  of t h i s  r e l a t i o n  
i s  shown i n  f i g u r e  13, which d i sp lays  t h e  i n c l i n a t i o n s  and apoapsis 
a l t i t u d e s  of r e p r e s e n t a t i v e  o r b i t s  which were found f o r  t h e  s h o r t  missions.  
The c o r r e l a t i o n  appears t o  be even more d e f i n i t e  t han  t h a t  seen f o r  t h e  
long missions.  Again, t h e r e  i s  a . d e f i n i t e  bucket-shaped region where 
o r b i t s  a r e  not  found, but t h e  s o l u t i o n s  a r e  much more c l o s e l y  grouped 
and widely d i s t r i b u t e d  . 

The Effect  of Stay T i m e  on t h e  Parking Orbi t  

A s  mentioned i n  a preceding s e c t i o n ,  t h e  s t a y  t i m e  does not d i r e c t l y  
inf luence t h e  i n c l i n a t i o n  of t h e  parking o r b i t ,  but it does a f f e c t  t h e  
e c c e n t r i c i t y .  
f i g u r e  shows t h e  v a r i a t i o n  of o r b i t a l  e c c e n t r i c i t y  with s t a y  t i m e  f o r  
a hypo the t i ca l ,  nonvarying V m  geometry. 

accommodate t h i s  geometry. Note t h a t  t h e  e c c e n t r i c i t y  diminishes 
uniformly as t h e  s t a y  t i m e  i s  shortened u n t i l  t h e  s o l u t i o n s  f o r  t h e  
parking o r b i t  disappear f o r  s t a y  t imes i n  t h e  region of 20 t o  40 days.  

The e f f e c t  of s t a y  t i m e  i s  shown i n  f i g u r e  1 4 .  This  

Three o r b i t s  were found t o  

The region of s t a y  t imes from 20 t o  40 days i s  of g r e a t  i n t e r e s t  
i n  t h e  case o f  opposi t ion c l a s s  missions.  For t h e  s tudy presented i n  
t h i s  r e p o r t ,  30 days w a s  s e l e c t e d  f o r  t h e  s t a y  t ime f o r  a l l  oppos i t i on  
c l a s s  missions,  and t h e  quest ions arise: Can longer  or s h o r t e r  s t a y  
times be  b e t t e r ;  and, more important,  can parking o r b i t s  be found i f  



. 

13 

t h e  s t a y  t ime i s  shortened below 30 days? 
t h e  oppos i t ion  c l a s s  mission i n  1986 w a s  chosen, and .matched-conic simu- 
l a t i o n s  of t h i s  mission were performed f o r  s t a y  t imes of 1 0 ,  20, 30, and 
40 days. The r e s u l t i n g  parking o r b i t s  a r e  t a b u l a t e d  i n  t a b l e  V.  

To answer t h e s e  ques t ions ,  

The most important observat ion i s  t h e  number and s e l e c t i o n  of t h e  
parking o r b i t s  and t h e i r  r e s t r i c t i o n  t o  c e r t a i n  regions of i n c l i n a t i o n .  
The i n c l i n a t i o n s  commonly o c c w  near 25' ,  51°, 75', 130' and 150'. 
(The i n c l i n a t i o n s  vary because o f  t h e  changing geometry of  depa r tu re . )  
Noteworthy i s  t h e  f a c t  t h a t  t h e  missions wi th  t h e  s h o r t e s t  s t a y  t imes 
have t h e  lowest t o t a l  mission AV requirements.  Also ,  t h e  parking o r b i t  
wi th  t h e  h ighes t  e c c e n t r i c i t y  and lowest v e l o c i t y  requirement i s  r e t r o -  
grade. 
i n  t h i s  r e p o r t .  

This  last  observa t ion  i s  common t o  a l l  t h e  missions inves t iga t ed  

A second inspec t ion  of t a b l e  V r e v e a l s  t h e  i n c l i n a t i o n s  do not 
change g r e a t l y  as t h e  s t a y  t ime i s  va r i ed ,  d e s p i t e  t h e  f a c t  t h a t  t h e  
depar ture  asymptote i s  changing. 
some so lu t ions  a r e  l o s t  or new so lu t ions  a r e  found. 
one of t h e  l i m i t a t i o n s  of t h e  technique when it i s  used wi th  t h e  c o n s t r a i n t  
t h a t  no plane changes a r e  allowed: o r b i t a l  i n c l i n a t i o n s  smaller than  
t h e  d e c l i n a t i o n  of e i t h e r  t h e  approach or depa r tu re  asymptotes a r e  not 
p o s s i b l e  without propuls ive  plane-change maneuvers. 

The worst t h i n g  t h a t  happens i s  t h a t  
This f a c t  p o i n t s  out  

The Cor re l a t ion  of Eccen t r i c i ty  and I n c l i n a t i o n  

It has been noted t h a t  t h e  o r b i t a l  i n c l i n a t i o n  i s  determined so t h a t  

t h e  r a t i o  of o r b i t a l  r o t a t i o n  r a t e s ,  i s  equal  t o  t h e  r a t i o  of t h e  

r equ i r ed  angles  of r o t a t i o n ,  AaO/Aw . 
determined by t h e  geometry of p lane tary  approach and depar ture  ( t h e  
q u a n t i t y  Aa /Aw ) and by t h e  c h a r a c t e r i s t i c s  of t h e  o r b i t a l  r o t a t i o n  

r a t e s .  The r e s u l t  i s  t h a t  when t h e  requi red  angles  of r o t a t i o n  a r e  
equal  and i n  opposi te  d i r e c t i o n s ,  t h e  r o t a t i o n  r a t e s  must l ikewise  be 
equal  and i n  opposi te  d i r e c t i o n s .  This  s i t u a t i o n  can occur a t  i n c l i n a t i o n s  
of 46.4" and 106.8'. 
equal  and i n  t h e  same d i r e c t i o n ,  t h e  r o t a t i o n  r a t e s  must be  equal  and i n  
t h e  same d i r e c t i o n .  This  s i t u a t i o n  occurs a t  i n c l i n a t i o n s  of 73.2' and 

Therefore ,  t h e  i n c l i n a t i o n s  a r e  
P 

Q P  

Simi la r ly ,  when t h e  requi red  angles  of r o t a t i o n  a r e  

133.6'. 

A s  shown i n  t a b l e s  I11 and I V ,  parking o r b i t s  a l i n e d  by obla teness  
o f t e n  have i n c l i n a t i o n s  near t h e s e  equal - ra te  va lues .  This  i s  t h e  case 
i l l u s t r a t e d  i n  f i g u r e  15 , which siiwws the eq-ial-ratz l n c l i n a t l o n s  
super-imposed on a p l o t  of t h e  nodal and p e r i a p s i s  r o t a t i o n  r a t e s .  
I n  a d d i t i o n ,  shaded bands a r e  shown ind ica t ing  t h e  i n c l i n a t i o n s  where 
parking o r b i t s  a r e  commonly found. 
between t h e  i n c l i n a t i o n  and e c c e n t r i c i t y  i s  ind ica t ed  by t h i s  f i g u r e .  

That t h e r e  i s  a d e f i n i t e  r e l a t i o n s h i p  
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Consider two parking o r b i t s  with i d e n t i c a l  nodal and p e r i a p s i s  
r o t a t i o n  rates - one a near-polar o r b i t  and t h e  other  a near-equator ia l  
o r b i t .  The near-equator ia l  o r b i t  has t h e  larger e c c e n t r i c i t y .  For 
example, i f  two o r b i t s  have i n c l i n a t i o n s  of 46.4' and 106.8' ( t h e  
i n c l i n a t i o n s  f o r  which t h e  ra tes  a r e  equal and o p p o s i t e ) ,  t h e  o r b i t  w i th  
t h e  46.4' i n c l i n a t i o n  has higher r o t a t i o n  rates than  t h e  one with a 
106.8' i n c l i n a t i o n .  Thus t h e  e c c e n t r i c i t y  of t h e  o r b i t  i nc l ined  must 
be increased t o  slow i t s  rates enough t o  match those  of t h e  o r b i t  
i nc l ined  106.8'. 

These considerat ions combine t o  l i m i t  t h e  regions of occurrence of 
r eg res s ing  parking o r b i t s ;  and t h e  c o r r e l a t i o n  of e c c e n t r i c i t y  i s  
s t r i k i n g l y  evident if  we examine any mission i n  d e t a i l .  

I n  f i g u r e  16 ,  t h e  c h a r a c t e r i s t i c s  of parking o r b i t s  which occur 
during t h e  1977 conjunction c l a s s  mission are shown; and t h e  apoapsis 
a l t i t u d e  i s  p l o t t e d  aga ins t  o r b i t a l  i n c l i n a t i o n .  The regions where 
parking o r b i t s  commonly occur are ind ica t ed  by t h e  shaded b a r s .  The 
width of t he  bar i n d i c a t e s  t h e  r eg ion  of i n c l i n a t i o n s  where s o l u t i o n s  
are commonly found. The height  of t h e  ba r  shows t h e  range of apoapsis 
a l t i t u d e s  which a r e  commonly found f o r  t h e  highest  energy parking o r b i t s  
( i . e . ¶  o r b i t s  t h a t  s h i f t  through t h e  r equ i r ed  angles  only once ) .  
b a r s  t h e r e f o r e  i n d i c a t e  t h e  upper bound of t h e  o r b i t a l  apoapsis a l t i t u d e .  
Orb i t s  w i t h  lower apoapsis a l t i t u d e s  can be found by r equ i r ing  t h e  node 
o r  pe r i aps i s  of t h e  parking o r b i t  t o  s h i f t  though i n t e g r a l  mu l t ip l e s  of 
271 p r i o r  t o  f i n a l  alinement with t h e  depa r tu re  asymptote. 
found during t h i s  mission are summarized i n  d e t a i l  i n  t a b l e  V I .  

The 

The o r b i t s  

The apoapsis a l t i t u d e s  and i n c l i n a t i o n s  of o r b i t s  which occur 
during t h e  1986 opposi t ion c l a s s  mission are p l o t t e d  i n  f i g u r e  17 .  
Again, t h e  shaded b a r s  i n d i c a t e  t h e  r eg ions  where t h e  d a t a  p o i n t s  t end  
t o  occur.  The o r b i t s  found during t h i s  mission are summarized i n  d e t a i l  
i n  table V I I .  
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CONCLUDING REMARKS 

The use  of g r a v i t a t i o n a l  per turbat  ions f o r  parking o r b i t  alinement 
appears t o  be u s e f u l  i n  t h e  areas  of mission a n a l y s i s  and t r a j e c t o r y  
d e f i n i t i o n  f o r  both t h e  long and s h o r t  missions t o  Mars. 
of missions,  t h e  o r b i t a l  i n c l i n a t i o n s  f a l l  i n t o  narrow bands which 
are widely d i s t r i b u t e d  over t h e  i n t e r v a l  of poss ib l e  i n c l i n a t i o n s .  
Also,  t h e  o r b i t a l  e c c e n t r i c i t y  i s  c o r r e l a t e d  with t h e  o r b i t a l  i n c l i n a t i o n ,  
and, i n  gene ra l ,  parking o r b i t s  with low i n c l i n a t i o n s  have high eccen t r i c -  
i t i e s .  Also,  t h e  parking o r b i t s  o f t e n  have remarkably high o r b i t a l  
e c c e n t r i c i t i e s  , i n d i c a t i n g  t h a t  even with very small ra tes  of  r o t a t i o n ,  
t h e  o r b i t a l  node and l i n e  of apsides need not s h i f t  through l a r g e  
angles  t o  e f f e c t  o r b i t a l  alinement. One cannot t h e r e f o r e  discount  t h e  
effects of oblateness  on t h e  parking o r b i t  even when those  effects 
are small. 

For bo th  types  

For both types  of missions t h e  highest  energy o r b i t s  have l o w  
i n c l i n a t i o n s  and can be  e i t h e r  posigrade o r  r e t rog rade  wi th  r e spec t  t o  
t h e  p l ane ta ry  a x i s  of r o t a t i o n .  The highest  energy o r b i t s  always have 
v e r y  low i n c l i n a t i o n s  and are retrograde.  

For t h e  long stay-time o r b i t a l  missions t o  Mars, a wide s e l e c t i o n  
These parking (from 6 t o  11) of poss ib l e  parking o r b i t s  i s  a v a i l a b l e .  

o r b i t s  e x h i b i t  smooth v a r i a t i o n s  i n  c h a r a c t e r i s t i c s  and are available 
over a wide range of both s t a y  t i m e  and t h e  geometry of p l ane ta ry  
approach and departure .  
0 .4  t o  0.8. 

The range of e c c e n t r i c i t i e s  i s  g e n e r a l l y  from 

For t h e  sho r t  stay-time missions,  t h e  use of g r a v i t a t i o n a l  pe r tu r -  
b a t i o n s  f o r  alinement i s  more l i m i t e d  , but i s  neve r the l e s s  u s e f u l  
s i n c e  a number of o r b i t s  a r e  general ly  available. Although t h e r e  are 
f e w e r  o r b i t s  available (from 3 t o  7 ) ,  t h e  parking o r b i t s  f o r  t h e  s h o r t  
missions e x h i b i t  a wider v a r i a t i o n  of both t h e  i n c l i n a t i o n  and e c c e n t r i c i t y .  
The o r b i t s  appear t o  be more s e n s i t i v e  t o  changes i n  t h e  Vm geometry 

f o r  t h e  s h o r t  stay-time missions.  
of t h e  long missions.  The range of e c c e n t r i c i t i e s  i s  gene ra l ly  from 
0.0 t o  0.7. 

The i n c l i n a t i o n s  correspond t o  those  

The g r e a t e s t  number of o r b i t s  have high i n c l i n a t i o n s  near 70'. 
These o r b i t s  are found f o r  any Vm geometry and are a v a i l a b l e  during 

each mission t h a t  w a s  i nves t iga t ed .  These o r b i t s  are nea r ly  c i r c u l a r  
for most of t h e  snort missions.  They eniiibit itiodei-ate e c c s n t r l c l t l e s  
(from 0.3 t o  0 .5)  f o r  t h e  long missions.  
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Stay 
time, 
days 

376 
351 
326 

358 
333 
3 08 

4 09 
384 
359 

Return 
f l ight  time, 

days 

283 
283 
283 

326 
326 
326 

333 
333 
333 

528 
5 03 
478 

220 1 0 2 8  
220 1 0 0 3  
220 978 

5 65 
~ 540 
1 515 

5 65 
54 0 
515 

200 965 
200 94 0 
2 00 915 

270 1 0 3 5  
270 1 0 1 0  
270 985 

T A B L E  1 . -  EARTH-ORBITAL LAUNCH DATES AND TRIP T IMES 
FOR MINIMUM AV MISSIONS TO MARS n 

t Julian date 
of launch, 

(add 
2 443 000) 

~ 

Mars arrival 
date, 

(add 
2 440 000) 

Outbound 
f l ight  time 

days 

Calendar date 
of launch from 

Earth parking orb i t  

Total t r ip  
time, 
days 

1 0 0 8  
983 
958 

1 0 1 6  
991 
966 

1 0 5 6  
1 0 3 1  
1 0 0 6  

2 978 
3 003 
3 028 

2 629 
2 654 
2 679 

3 407 
3 432 
3 457 

34 9 
349 
349 

332 
332 
332 

314 
314 
314 

Aug 29, 1975 

Oct 15, 1977 

Nov 26, 1979 

Nov 21, 1981 

3 739 
3 764 
3 789 

4 148 
4 173 
4 198 

4 462 
4 487 
4 512 i%i/1 1 0 0 7  

4 905 
4 930 
4 955 

3 02 
302 
3 02 

5 207 
5 232 
5 257 

5 665 
5 690 
5 715 

28 0 
28 0 
280 

5 945 
5 970 
5 995 

Dec 21, 1983 

6 530 
b 555 
6 580 

200 
2 00 
200 

6 730 
6 755 
6 780 

May 4, 1986 

7 328 
7 353 
7 378 

7 528 
7 553 
7 578 

2 00 
200 
200 

July 10, 1988 
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Oct 13, 1977 

Nov 22, 1979 

Nov 11, 1981 

T A B L E  II. - EARTH. 
FOR SHOl 

3 410 
3 430 
3 450 

4 180 
4 200 
4 220 

4 900 
4 920 
4 940 

210 
210 
210 

3 620 
3 640 
3 660 

30 
30 
30  

~ - 

230 470 
230 470 
230 470 

Dec 31, 1981 

Dec 21  , 1983 

4 950 
4 970 
4 990 

5 670 
5 690 
5 710 

5 740 

5 170 
5 190 
5 210 

5 930 
5 950 
5 970 

30  220 47 0 
30 220 470 
30  220 470 

30  230 520 
3 0  230 520 
30  230 520 

2 00 
2 00 
200 

5 940 
5 960 
5 980 

30  I 230 
30  230 
30 I 230 

460 
460 
460 

30 
30 
30  

30  
30 
30  

250 460 I 
250 460 
250 460 

260 45 0 
260 450 
260 45 0 

3RBITAL LAUNCH DATES AND TRIP TIMES 
T STAY TIME MISSIONS TO MARS 

Mars arrival 
Outhound date, 

f l ight  time 
days days 

c I I 

Calendar date 
of launch from 

Earth parking orbit t Sept 4, 1975 

Julian date 
of launch, 

(add 
2 440 000) 

2 640 
2 660 
2 680 

210 2 850 30  240 480 
2 870 

210 210 I 2 8 9 0  I ;: I It: I t:: 

4 420 
4 440 
4 460 

30  
30 
30 

240 
240 
240 

2 60 
2 60 
2 60 

5 160 
5 180 
5 200 

30 
30  
30  

220 510 
220 510 

220 
220 
220 

2 60 
2 60 
2 60 

I Feb 29t1984 I '5 :% 1 Apr29, 1986 
6 750 

160 7 490 
1 1 6 0  7 510 

7 530 
July 7, 1988 7 350 I 7 3 7 0  I 



TABLE 111.- SUMMARY OF MARS PARKING ORBITS WHICH OCCURRED 

D U R I N G  THE CONJUNCTION CLASS MISSIONS 

1 

3 
4 

6 

2 

5 

( a )  E a r t h  departure  da te ,  August 25, 1975 I 
69.88 

72.78 
68.06 

69.91 

144.10 

142.27 

1 
2 
3 
4 

71.67 
l a .  67 
69.15 

112.25 
142.31 

1 0  71.32 
11 172.93 

16.75 
69.29 

lh2.33 
112.14 

2 441.15 

1’2 046.59 

4 402.88 

2 386.66 
11 616.71 

5 490.10 
4 1407.92 

2 405.7’1 
20 335.60 

5 480.15 

8 104.31 

8 031.32 

Transear th  Tota l  
in3 ec t  ion m i s s  i on  

A V ,  f p s  I , A V ,  f p s  

15.09 .74 3007 . l 9  

5.66 5 1  4034.15 

3.73 .35 4766.75 
14.48 .74 3037.36 

6.81 .56 3779.64 
5.67 .51 4033.91 

3.75 .35 4758.77 
28.28 1 .83 2646.14 

6.80 .56 3783.57 

9.85 .66 3365.93 

9.76 .66 3375.61 

3745.98 
3234.95 
4742.58 
3731.22 

.65 3403.25 

.37 4677 . O 4  

1 
3 
3 
4 
5 
6 
7 
8 
9 

24.59 1 0  835.68 
68. 06 6 283.96 

113 . l 9  4 930.34 
141.48 8 170.44 
71.07 3 802.53 
70.62 6 101+.13 

141.94 9 559.4’+ 
72.06 2 7‘46.55 

111.28 4 851.08 

I ( c )  Ear th  departure  d a t e ,  October 26, 1979 

1 3 . 4 0  
7.70 
6.21 
9.93 
4.1; 
7.49 
6.13 

4.05 
11.70 

ti depart1 

4142.31 

4815.50 
3900.94 

.70 3448.89 
4839.92 

e d a t e ,  November 21 ,  1981 

4161.23 

3247.25 
4020.60 
4274.22 
3606.04 
5008.10 
3277.49 
4019.85 
4274.15 
3615.85 
4997.67 
2886.18 

3034.58 
3567 .?7 
3841.11 
3296.95 
4515.12 
3600.36 
3860.52 
3148.01 
4538.64 

60.52 
139.76 

56.87 
70.24 

140.39 
29.09 
73.14 

70.63 

7 117.15 
8 241.85 
4 727.33 
3 l’ih .ti8 

9 422.43 
9 948.74 
3 002.81 

h 985.30 

8.66 
10 .02  

5.00 
4.45 
8.51 

1 1 . 5 2  
12 .21  

4.29 

.63 

.66 

.53 

.42 

.62 

.69 

.70 

. 4 1  

4412.74 
4265.86 
4866.09 
5341.46 
4432.33 
4138.33 
bO86.58 
5408.67 

3307.77 
3160.65 

4237.15 

3033.45 
2982 .Ol+ 
4303 -63 

3761.76 

3327 a99 

18 106.61 
19 653.35 
20 160.61 

21  627.03 

20 160.38 

18 824.26 

18 167 .Ob 
19  651.74 

18 843.80 
1 21 608.71 1 17 384.64 

18 023.93 
19  091.27 
19 637.89 
18 549.59 
20 984.91 
19 154.99 
19  675.64 
18 251.02 
21  032.26 

19 420.14 
19  126.48 
20 327.34 

19  459.03 
18 871.23 
18 767 - 4 4  
2 1  411.00 

2 1  278.27 



TABLE 111.- SUMMARY OF MARS PARKING ORBITS WHICH OCCURRED 

DURING THE CONJUNCTION CLASS MISSIONS - Concluded 

1 
Apoaps i s Mars o r b i t  Transear th  T o t a l  
a l t i t u d e ,  E c c e n t r i c i t y  i n s e r t i o n  i n j e c t i o n  mission 

de63 n.  m i .  AV, fps AV, fps AV, fps  

Orbit  I n c l i n a t i o n ,  
no. 

1 37.30 
2 137.13 

5 142.03 

3 56.99 
4 71.62 

6 74.59 
7 135.71 
8 58.85 
9 72 * 95 

13 205.13 16.76 .76 4744.30 2837.97 19 709.10 
7 762.90 9.43 .65 5219.44 3312.26 20 659.82 

17 780.30 23.93 .81 4537.72 2631 -04 19 296.87 

6 267.01 7.68 .60 5441.82 3535.99 21 105.01 
4 020.42 5.28 .48 5951.55 4045.65 22 124.65 

8 987.64 10.96 .68 5075.16 3169.13 20 370.93 
10 079.20 12.38 * 71 4971.20 3064.54 20 163.34 
6 478.30 7.92 .61 5406.12 3499.46 21 032.08 
3 927.06 5.18 .48 5979.75 4072.91 22 179.29 

. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

77 -15 11 453.44 14.25 .73 4178.40 4180.48 19 887.11 
132.82 8 885.22 10.83 .68 4405.80 4407.78 20 341.94 
55.27 7 449.45 9.06 .64 4578.76 4580.52 20 687.32 
72.03 4 662.80 5.93 .52 5095.63 5097.39 21 721.21 
102.10 6 471.64 7.91 .61 4726.98 4728.75 20 984.10 
135.40 14 187.03 18.23 .77 4010.93 4012.93 19 552.00 
36.94 16 928.05 22.53 .80 3887.02 3888.54 19 302.73 
134.69 7 439.10 9.04 .64 4581.43 4582.92 20 691.92 
58.16 7 895.18 9.60 .65 4520.38 4522.05 20 569.55 
74.01 4 485.83 5.75 * 51 5141 .40 5143.07 21 811.60 
132.36 19 746.91 27.26 .83 3792.04 3793.71 19 113.29 

1 137.56 9 562.15 11.70 
2 58.01 6 627.48 8.09 
3 72.14 4 185.40 5.44 
4 97.38 6 638.04 8.10 
5 150.87 27 807.85 42.33 
6 137.52 9 614.52 11.77 
7 57.86 6 616.26 8.08 
8 72.03 4 194.01 5.45 
9 97.49 6 606.85 8.16 
10 149.70 26 225.53 39.20 

.70 3376.60 4925.71 20 279.93 

.61 3739.95 5289.17 21 006.32 

.49 4261.82 5811.24 22 050.29 

.61 3738.71 - 5288.34 21 004.38 

.87 2652.55 4201.87 18 832.14 

.70 3372.81 4921.09 20 272.04 

.61 3743.27 5290.49 21 011.63 
149 4261.07 5808.26 22 047.30 
.61 3732.67 5279.98 20 990.75 
.86 2680.83 4228.99 18 887.92 
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Orbit  
no. 

TABLE 1 V . -  SUMMARY OF MARS PARKING ORBITS WHICH OCCURRED 

Mars o r b i t  Transear th  To ta l  Period , 
h r  

Apoapsis 
a l t i t u d e  , Eccen t r i c i ty  i n s e r t i o n  i n j e c t i o n  mission 

deg n.  m i .  nv, fps  AV,  f p s  AV, f p s  

I n c l i n a t i o n ,  

1 62.70 
2 139 -86 
3 51 *92 
4 133.23 

81.49 5 
6 53.41 
7 131.82 

6725.35 20 450.99 40 147.16 2 418.52 3.67 .37 
10 141.12 12.33 .72 5141.09 18 866.91 36 979.56 

8536.32 22 261.32 43 768.05 198.05 1.89 .02 
716.07 2.27 .14 7925.23 21 650.62 42 547.32 

1 450.51 2.84 .26 7298.89 2 1  022.72 4 1  293.74 
274.85 1.94 .04 8434.68 22 159.12 43 565.60 

7719.13 21  444.10 42 135.54 930.78 2.43 .18 

1 72.13 
2 135.74 
3 72.98 
4 55.77 
5 131.32 

1 
2 
3 
4 
5 
6 

1 796.07 

1 7 5 6 . 3 5  
672.04 

222.54 
I 1 357.78 

7098.40 20 851.11 4 1  318.11 
7512.98 21  266.11 42 147.43 

50.88 124.75 1.84 .01 9387.05 23 139.48 45 894.99 
135.12 635.11 2.21 .12 8756.96 22 510.22 44 635.48 

77.22 1 841.43 3.17 .31 7787.68 2 1  540.17 42 696.92 
131.45 1 189.80 2.63 .22 8243.66 2 1  997.26 43 609.74 

34.36 3 308.90 4.49 .45 
67.57 2 338.29 3.60 .37 

72.45 1 846.64 
136.03 590 .a9 

72.21 1 057.48 
22.28 2 987.34 
56.14 252.20 

1 
2 
3 
4 
5 
6 

1 .91  
2.77 

78.72 1 8 3 3 . 0 2  3.16 .31 8306.52 1 6  582.10 36 803.54 
50.99 155.63 1.86 .01 9856.81 18 132.11 39 903.46 

134.38 632.57 2.20 .12 9273.76 1 7  550.20 38 738.75 
37.09 3 333.90 l1.57 .46 7579.73 15  856.64 35 350.43 
54.28 304.59 1.96 .05 9654.68 17 931.92 39 500.54 

131.11 1 071.18 2.54 .20 8854.38 17 132.29 37 900.64 

(d) Earth departure  d a t e ,  November 11, 1981 

3 8043.35 
9063.72 

3.18 8036.99 
4.18 7480.13 
1.33 .04 9470.42 
2.85 .26 8301.47 

( e )  Earth departure  d a t e .  December 31. 1981 

74.65 2 678.76 
49.79 

133.81 

127.03 1 030.54 

79 * 50 2 217.31 
56.111 h13.04 

2.03 

2.04 
2.52 

3.49 
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7 
Orbit  

no. 
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a l t i t u d e ,  Pezdy E c c e n t r i c i t y  i n s e r t i o n  i n j e c t i o n  mission 
n. m i .  AV, f p s  AV, f p s  AV, f p s  

I n c l i n a t i o n ,  
de@; 

TABLE 1V.-  SUMMARY OF MARS PARKING ORBITS WHICH OCCURRED 

Apoaps i s  

i~ 

DURING THE OPPOSITION CLASS MISSIONS - Concluded 

Mars o r b i t  Transear th  T o t a l  ’ 

1 87.50 1845.41 
2 50.07 244.04 
3 39.94 4757.92 
4 72.53 4786.90 
5 52.27 370.09 

3.26 - 29 7576.74 15 854.30 35 675.77 
1 a99 .01 9003.52 17 281.75 38 529.82 
6.03 .53 6454.89 14 733.64 33 432.03 
6.06 .53 6448.29 14 727.38 33 418.96 
2.08 .04 8843.02 17 121.33 38 207.76 

1 83.70 1803 .71 
2 52.91 337.53 
3 129.91 691.40 

5 71.62 3259 * 53 
4 31.33 3959 * 02 

6 148.67 9186.96 

8 130.98 603.72 
7 51.89 289.46 

3.14 .30 6884.85 14 446.12 32 784.75 
1.99 .06 8174.84 15 736.77 35 365.12 
2.25 .13 7772.80 15 334.91 34 561.66 

4.44 .45 6190.66 13 752.58 31 396.05 
5.12 * 50 5957.45 13 519.13 30 929.41 

11.09 .70 5052.50 12 614.44 29 120.40 

2.18 .ll 7865.59 15 426.94 34 745.80 
1.95 * 05 8236.33 15 797.48 35 486.59 

I 

1 70.32 1265.21 2.69 .23 8080.41 
2 14.49 2463.51 3.71 .38 7348.41 
3 136.03 1851.36 3.18 .31 7678.64 
4 162.53 9321.11 11.26 .70 5861.24 
5 70.44 1261.67 2.69 .23 8084.00 
6 138.30 955.76 2.45 .la 8340.51 

14 650.97 35 010.69 
13 918.26 33 545.72 
14 250.46 34 208.81 
12 432.95 30 573.98 
14 654.20 35 017.48 
14 911.45 35 531.65 
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2620 2630 2640 2650 2660 2670 2680 2690 2700 

Date o f  launch from Earth parking orbit, days after Ju l ian date 2 440 000 

(a) The 1975 mission window. 

Figure 3.- The variation of  mission velocity requirements for minimum AV missions. 
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Sept. 13, 1977 Nov. 2, 1977 

Sept. 13, 1977 Nov. 2, 1977 
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Sept. 13, 1977 Nov. 2, 1977 
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12 

11 

Sept. 13, 1977 Nov. 2, 1977 

3390 3400 3410 3420 3430 3440 3450 3460 3470 
Date of  launch from Earth parking orbit, days after Ju l ian date 2 440 000 

(b) The 1977 mission window. 

Figure 3 .- Continued. 
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Oct. 3, 1979 Nov. 22, 1979 

Oct. 3, 1979 Nov. 2 2 ,  1979 

Oct. 3, 1979 Nov. 22 ,  1979 

Oct. 3, 1979 Nov.  22,  1979 

4140 4150 4160 4170 4180 4190 4200 4210 4220 

Date o f  launch from Earth parking orbit, days after Jul ian date 2 440 000 

(c) The 1979 mission wiiidow. 

Figure 3 .- Continued. 
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Date of launch horn Earth parking orbit, days after Jul ian date 2 440 000 

(d) The 1981 mission window. 

Figure 3 .- Continued. 
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Kov. 21,  1983 

Nov. 21,  1983 Jan. 10, 1984 
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Nov. 21,  1983 Jan. 10, 1984 

(e) The 1983 rnissiorl  window. 

Figure 3 .- Continued I 
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Date of launch from Earth parking orbit, days after Jul ian date 2 440 000 

(f) The 1986 mission window. 

Figure 3 .- Continued. 
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(9) The 1988 i i i ission window, 

Figure 3 .- Concluded. 
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Date of launch from Earth parking orbit, days after Jul ian date 2 440 000 

(a) 1981 mission window. 

Figure 6.- The variation of mission velocity requirements for the short stay time missions. 
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Date of  launch from Earth parking orbit, days after Jul ian date 2 440 000 

(b) 1983 and 1984 mission windows. 

Figitre 6 .- Concluded. 
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Aug. 5, 1975 Sept. 24, 1975 

Aug. 5, 1975 Sept. 24, 1975 

Aug. 5, 1975 Sept. 24, 1975 

Aug. 5, 1 9 7 5  Sept. 24, 1975 

2620 2630 2640 2650 2660 2670 2680 2690 2700 

Date of launch from Earth parking orbit, days after Jul ian date 2 440 000 

(a) The 1975 mission window. 

Fiaure 10.- The orbital elements of the oarkina orbit  for minimum AV missions. 
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(b) The 1977 mission window. 

Figure 10 .- Continued. 
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